Sorption-desorption experiments of fluorene (FLU) and fluoranthene (FLT) in soils 15
physical entrapment mechanisms, even when using HPBCD as extractant, presenting 23 FLU low risks to the environment. On the contrary, FLT was extracted from aged soils 24 in the presence of HPBCD in solutions to a much greater extent than in its absence. Due 25 to its more hydrophobic character FLT sorption in soils was relatively quicker, 26 remaining more or less fixed on hydrophobic sites of the organic matter (OM) with 27 different energies, and therefore the amount of FLT extracted was almost constant for 28 different ageing times. During extraction experiments, the influence of the OM quality 29 of the soils was also highlighted because an inverse proportionality between OM 30 content of soil and extractability of sorbed FLT was observed. It was concluded that
Introduction 1
Polycyclic aromatic hydrocarbons (PAHs) are pollutants of great environmental concern 2 because of their toxic, mutagenic, and carcinogenic properties. Because of their low 3 solubility in water, the fate of hydrophobic organic compounds such as PAHs in 4 sediments and soils depends largely on their sorption to solid phases (Sullivan et al., 5 2011), where they become resistant to environmental degradation. Microbial 6 degradation is the major process involved in effective bioremediation of contaminated 7 soils and sediments; however, unfortunately, PAHs removal during natural 8 bioremediation is incomplete, and residual concentrations are often too high to satisfy 9 the standards for clean soil. 10 High concentrations of residual PAHs are caused by their limited bioavailability, 11
controlled by physico-chemical processes such as sorption/desorption and diffusion into 12 the soil matrix, which cause the slow mass transfer of the hydrophobic contaminant to 13 the biodegrading microorganisms (Cuypers et al., 2002; Barnier et al., 2014) . Moreover, 14 organic compounds that persist as adsorbed contaminants in the soil exhibit declining 15 extractability and bioavailability to microorganisms with increasing contact time or 16 "ageing". Significant amounts of organic compounds are retained in soil as nonavailable 17 and nonextractable sequestered residues, whose proportion increases with increasing 18 soil contact time or ageing (Alexander, 2000; Ma et al., 2012) . Ageing is associated 19 with a continuous diffusion of organic molecules into remote and inaccessible regions 20 within the soil matrix, thereby occluding the compounds and preventing them from 21 abiotic and biotic loss processes. 22 The toxicity of individual PAHs to soil organisms and other species, including humans, 23 is directly related to their availability, which is also related to their lipophilicity (log 24 Kow) and soil sorption properties (i.e., log Koc combined with information on the 25 organic carbon content of the soil) (Sverdrup et al., 2002) . The absence of toxicity 26 could, in most cases, be explained by limited water solubility, due to a higher 27 lipophilicity and a tendency to remain adsorbed on the OM of the soil. Therefore, to 28 characterize PAHs availability, data on soil sorption (log Koc) are needed. Sorption and 29 sequestration are usually the most important factors limiting clean-up of sites 30 contaminated by such organic compounds. This has resulted in extensive studies on the 31 remediation of PAHs-contaminated soils using different technologies, including: solvent 32 extraction, bioremediation, phytoremediation, chemical oxidation, photocatalytic 33 degradation, electrokinetic remediation, thermal treatment and integrated remediationtechnologies (Gan et al., 2009 ). According to these authors, no single remediation 1 technology can be the solution for all PAH-contaminated soils, and remediation 2 technologies that combine the separation and degradation of PAHs seems to be one way 3 to increase removal efficiencies. 4 To improve desorption efficiency of PAHs from soils as well as the mobility and 5 bioavailability of PAHs in the aqueous phase, various solubility enhancement agents 6 have been used, such as co-solvents and surfactants (Saichek and Reddy, 2004; Gómez 7 et al., 2010), but themselves can present a health or environmental hazard. Organic co-8 solvents can harm resident microbial population; surfactants can form high-viscosity 9
emulsions, which are difficult to remove, and can be toxic to humans and microbial 10 populations (Ying, 2006 (Morillo, 22 2006 ), due to the low production cost of some compounds within the CD family. This transfer of the contaminants from the soil-solid phase into the soil solution is an 28 important way of increasing the biodegradable fraction of PAHs in soil (Stroud et al., 29 2009 ). The use of CDs as extractants has the advantage of minimising environmental 30 impact because they have been approved as non-toxic compounds (for these reasons 31 they are commonly used in drug formulations), they do not harm resident microbial 32 populations, and are considered biodegradable due to their glucose-based composition 33 (Verstichel et al., 2004) . However, hydroxypropyl-β-cyclodextrin (HPBCD) has beenshown to be resistant to biodegradation for time periods of at least a few months 1 (Fenyvesi et al., 2005) . 2 
3
In the present work, batch extraction experiments were conducted to find procedures, 4 using biodegradable molecules such as CDs, which might result in an increase in the 5 extraction of FLU and FLT from spiked soils through solubility enhancement, to 6 increase their availability to be degraded by microorganisms. In a previous paper, 7 Morillo et al. (2012) obtained FLU and FLT solubility approximately 200/300-fold 8 higher than their aqueous solubility when using HPBCD solutions. Because the cost of 9
HPBCD is within the range of common surfactants, and it has been demonstrated to be 10 toxicologically safe (Gould and Scott, 2005) , it was selected as a good candidate to 11 study its ability to enhance FLU and FLT extraction after different ageing periods from 12 soils of different characteristics which were artificially contaminated. The influence of 13 their physico-chemical properties on extraction in comparison to extraction with 14 aqueous solution in the absence of CD has also been assessed. The two PAHs were 15 selected from amongst 16 proposed by the US-EPA as the most frequently occurring 16 and/or dangerous to the environment, but with reported log Kow values ≤ 5.2 (i.e., 17 NAP, ACE, ACT, ANT, PHE, FLU, FLT and PYR), which are those PAHs that could 18 present a higher availability and, consequently, toxicity, making their effective 19 extraction from contaminated soils more necessary. FLU and FLT were also selected 20 due to their differences in aqueous solubility and hydrophobicity, and also due to the 21 scarcity of studies carried out with these two PAHs in relation to the use of CDs for soil 22 decontamination. Understanding that PAH sorption behaviour is important for 23 modelling their distribution between water and soil fractions and for assessing their 24 environmental risk, sorption-desorption experiments of FLU and FLT were also carried 25 out to observe the effects of their different chemical properties and to relate them with 26 their extraction from unaged and aged soils using HPBCD. These studies will contribute 27 to a deeper knowledge of PAH sorption-desorption behaviour and to the assessment of 28 their environmental risk and the potential for bioremediation of contaminated soils. respectively. HPBCD (2-hydroxypropyl-β-cyclodextrin) (purity > 97%) was supplied 2 by Cyclolab (Budapest, Hungary). HPLC-solvents used were purchased from Merck 3 (Darmstad, Germany). All other reagents were of analytical grade and used as received. 4 The three soils used were from Seville province (south-western Spain). The climate of 5 the area is Mediterranean, with an average annual temperature of about 18 ºC and a 6 mean annual rainfall of 500 mm. Soil 1 presented a loamy sand texture and was located 7 at the CSIC experimental farm 'La Hampa' in Coria (37º16´59´´ N, 06º04´03´´ W); 8 loam soil 2 was located in the Guadalquivir River Valley at the CIFA Las Torres 9 experimental farm in Alcalá del Río (37º8´33´´N, 5º16´4´´W) ; soil 3 presented a clay 10 texture and was located at the CIFA Tomejil experimental farm in Carmona (37°24′07″ 11 N, 05°35′10″ W). All soils were sampled from the top 0-20 cm layer, air dried and 12 crushed to pass through a 2-mm aperture sieve before their use. They were analyzed for 13 pH in saturated paste, total carbonate content, particle size distribution, cationic 14 exchange capacity, OM content, and percentages of C and N. The above-indicated 15
properties of the soils used are given in Table 1 silicone septa. Controls without soil were also prepared in the same way to account for 31 possible loss of FLT or FLU other than sorption to soils, such as losses due to 32 evaporation or to adsorption on the walls of the centrifuge bottles. The samples and 33 controls were shaken in an orbital shaker at 120 rpm in the dark for 3 days for FLT and7 days for FLU at 20 ± 1 ºC (the choice for equilibration time was based on previous 1 kinetic studies, data not shown). After equilibration, the suspensions were centrifuged 2 and the aqueous supernatant separated. Analysis of 1:1 (v/v) hexane extract of the 3 aqueous supernatant solutions was performed (PAHs were completely recovered in the 4 separated hexane phase due to their much higher solubility in hexane than in CD 5 solutions). Calibration curves were also prepared in hexane. The concentration of FLT 6 and FLU was determined by HPLC coupled to a fluorescence detector (Shimadzu RF-7 10APXL) according to the conditions described by Morillo et al. (2008) . The difference 8 in concentrations between the initial and final equilibrium solutions was assumed to be 9 due to sorption, and the amount retained by the adsorbent was calculated. Non 10 significant losses were observed in the controls without soil, and no correction was 11
required. 12
The adsorption data of both PAHs were fitted to the linearized form of the The plots of compound extractability versus aging exhibit an exponential decrease. The 24 extraction curves were fitted to the following kinetic models: a simple first-order model 25 (SFO) and a first-order two-compartment model (2CFO) (Cornelissen et In the 2CFO model, k 1 and k 2 are the rate constants of extraction for the fast and the 32 slow fractions, respectively, and F 1 and F 2 are the rapidly and slowly extractable 33 fractions of the total amount present in the soils. 
Infrared spectroscopy 2
The investigation of the quality of SOM was carried out by FTIR spectroscopy. Due to 3 the low organic carbon content of the three soils they were treated with 10% (w/w) 4 hydrofluoric acid (HF) to remove mineral matter and concentrate the amount of SOM. 5
The soils were subjected to four successive treatments as in Gonҫalves et al. (2003) who 6 observed that, although losses of C occurred, no consistent alterations in the distribution 7 of carbon functional groups take place. FTIR spectra of the treated samples prepared in 8
KBr pellets (2% w:w) were recorded using a JASCO FT-IR 6300 spectrometer with a 9 DTGS detector, in the range of 4000-400 cm -1 . The resolution was set to 2 cm -1 . 10
Because of the typical broadband IR spectra obtained from SOM, it is often useful to 11 apply resolution enhancement techniques. In this case an algorithm was applied that was 12 based on subtracting the original spectrum (previously sized to 2000 data points) after OM is responsible for the rapid and linear adsorption, and the less hydrophobic 31 fractions are those which contribute to the non-linearity of the sorption isotherm. 32
The sorption capacity of the soils for FLU and FLT were compared using the K f 33 parameter. K f varied between 30.4 and 60.5 for FLU, and between 193 and 308 forFLT, indicating the strong influence of soil characteristics and also the influence of 1 PAH type on its adsorption. This fact is clearly observed in Table 3 , where the amount 2 (in µmol kg -1 ) and percentage of both PAHs adsorbed for the lowest and highest 3 concentrations used (0.5 and 5.0 µM) are shown. 4 For both PAHs, the adsorption on the soils follows the sequence soil 1 < soil 2 < soil 3, 5 which corresponds to their OM content, in spite of the narrow range of differences 6 among them (0.79-1.76%). From Figure 1 and data on Tables 2 and 3 , it is obvious that 7
FLT was adsorbed by the three soils to a greater extent than FLU. This can be attributed 8 to its higher hydrophobicity and, therefore, its higher tendency to be adsorbed on the 9 soil OM. In fact, FLT presents n-octanol-water partition coefficients (log Kow) of 5. 20 10 in comparison to that of FLU, 4.23 (Sverdrup et al., 2002) . One of the most important 11 factors in the adsorption of hydrophobic compounds in soils is their percentage of OM 12 because the more hydrophobic the molecule is, the higher is the probability to be 13 transported from the aqueous phase to the hydrophobic surfaces of the soils. 14 The role that the formation of hydrophobic bonds with OM plays in the adsorption of 15 organic compounds in soils can be compared using K foc , i.e., the distribution coefficient 16 Weber and Huang (1996) postulate that mineral surfaces are important domains in the 25 sorption of hydrophobic organic contaminants. According to these authors, three types 26 of domain exist associated with a soil particle: an exposed mineral domain, an 27 amorphous soil OM domain, and a condensed soil OM domain. The sorption of 28 hydrophobic compounds by condensed OM appears to be energetically more favourable 29 due to its less polar character, but it is very slow due to slow intradomain diffusion. On 30 the contrary, sorptions associated with mineral surfaces and amorphous soil OM are 31 relatively fast processes. In regard to this point, we have to consider also the different 32 hydrophobicity of FLU and FLT. FLT presents high hydrophobicity and, therefore, a 33 high tendency to be adsorbed in the less polar soil OM. The less hydrophobic FLUperhaps has a greater tendency to be adsorbed primarily in the mineral and amorphous 1 soil OM domains and to diffuse slowly into the condensed soil OM. This is most likely 2 the reason why FLU desorption is higher for both concentrations in the three soils. demonstrated that calcium carbonate can selectively sequester PAHs from an aqueous 8 solution. Due to the presence of carbonate in the three soils under study, especially in 9 soils 2 and 3, adsorption of FLU is likely to take place primarily on these amorphous 10 surfaces, and it could be the reason for similar desorption from the three soils. 11 and HPBCD. However, in the case of FLU (Fig. 2) , these differences become less 23 apparent as time from spiking increases. Moreover, after three successive extractions 24 these differences diminished greatly, especially in the cases of soils 1 and 3. It is 25 interesting to observe that in both extractions (with the aqueous and HPBCD solutions) 26 the amount of FLU extracted in the second and third steps dropped drastically. This is 27 most likely mainly caused by the relatively large concentration extracted in the first 28 step, resulting in a depletion of the more easily extractable fraction of FLU. 29
The similarity in the results obtained using HPBCD or water in FLU extraction is 30 related to the relatively high aqueous solubility of FLU (1.90 mg l -1 ). For the spiking 31 concentrations used (5 and 50 mg kg -1 ), even if 100% of FLU on the soil was extracted 32 in the first step, the concentration in the extractant solution would be 0.1 and 1 mg l -1 , 1 respectively, lower than FLU aqueous solubility. 2 However, the extraction of FLU decreased drastically as the time after spiking 3 increased, with only approximately 20% being extracted from any soil after 195 days of 4 ageing for both FLU concentrations (5 and 50 mg kg -1 ) and for both extractants 5 (HPBCD or water) after three successive extractions. This seems to indicate that the 6 long contact of FLU with soils increases its retention, most likely by diffusion into the 7 pores of the sorbent, moving the molecules of the adsorbate towards the interior of the 8 soil particles (Rudzinski and Plazinski, 2007) . From mineral domains, FLU diffuses 9 relatively quickly towards amorphous soil OM domains, and then slowly to more 10 hydrophobic soil OM. For this reason, the desorption of FLU is more difficult as contact 11 time increases because some portion of it is sorbed by inner and more hydrophobic 12 sites, becoming practically irreversible some days after spiking. 13
To confirm this assumption, an experiment of adsorption-desorption of FLU was 14 conducted for the three soils using the highest concentration (5.0 µM), but the 15 adsorption was carried out for only 3 days, instead of the 7 days necessary to reach FLU 16 adsorption pseudo-equilibrium. As expected, the percentage of FLU adsorbed was 17 lower (16.3, 26.7, and 34.2% instead of 34.5, 48.5, and 48.9% for soils 1, 2, and 3, 18 respectively), but the percentages desorbed were quite higher (98.9, 73.0, and 71.8% 19 instead of 34.4, 25.1, and 32.6% for soils 1, 2, and 3, respectively). This suggests that 20 FLU is adsorbed first onto surfaces from which desorption is quite easy, but the process 21 of diffusion towards more hydrophobic domains (such as amorphous OM) is very fast, 22 as the percentage of desorption decreased quickly if the sorption has taken place in 7 23 days in comparison to 3 days. 24 The plots of FLU extractability vs. ageing exhibit an exponential decrease that could be 25 fitted to a first-order two-compartment model (2CFO), and model parameters are 26 summarized in Table SD1 . A fast initial decrease of the percentage of PAH extracted is 27 often followed by a slower decline, indicating that the adsorption of FLU in the three 28 soils is more irreversible as the time after spiking increases. It must be taken into 29 account that loss due to FLU biodegradation in the soil is not possible because all the 30 experiments were carried out in the presence of an HgCl 2 solution to prevent microbial 31 degradation of the PAH. 32 These results indicate that there are few advantages in using HPBCD as the extractant 33 an ageing period subsequent to contamination, which is what usually occurs in real 1 contaminated soils. However, the advantage of the observed behaviour of FLU in aged 2 soils is that it will present very few problems for subsequent desorption, such as 3 leaching, runoff or damage for the microbial population. 4
On the contrary, FLT presented different extraction behaviour from that of FLU (Fig.  5 3). When FLT was extracted with HPBCD solutions the amount extracted after all 6 ageing times was much higher than in the absence of the CD. In addition, the 7 percentages of FLT extracted with Ca(NO3)2 or HPBCD solutions are similar for all 8 ageing times greater than 35 days, and in the case of the lowest concentration of 9 contamination, even from the first day after spiking. This behaviour suggests that 10 sorption pseudo-equilibrium was reached within the first few days after spiking for the 11 low level of contamination because FLT molecules have reached adsorption points of 12 high hydrophobicity immediately after spiking. 13 However, in the case of soils spiked with 50 mg kg -1 , the amount extracted 1 day after 14 spiking was, in general, higher than for the rest of ageing times, for which the amount 15 extracted remained constant (opposite to the observed behaviour of FLU). This 16 indicates that a diffusion process of some portion of FLT adsorbed towards the interior 17 part of the soil particles is occurring. For longer ageing periods sorbed molecules reside 18 on adsorption sites with different energies: readily extractable sites for water extraction, 19 readily extractable sites for HPBCD extraction, and extraction resistant sites (Yang et 20 al., 2012) . This behaviour suggests that FLT sorption in soils is rather faster than that of 21 FLU, due to its higher hydrophobic character and also to the high affinity and energy of 22 the interaction formed, which do not vary with time, so that the percentages of 23 extraction were constant. This is the reason for the low values obtained for k 2 , the rate 24 constant corresponding to the slower extracting fraction in first-order two-compartment 25 model (2CFO), which is three or even four orders-of-magnitude lower than those for k 1 26 (Table SD1) . 27
The heterogeneity of the sorption sites on the OM of each of the soils under study can 28 be easily observed in Table 4 , where the extraction enhancement of FLT obtained using 29 HPBCD relative to the extraction using the Ca(NO 3 That is the reason of the higher differences between the percentages of FLT extracted 4 with one or three extractions (Fig. 3) in comparison to this difference in the case of FLU 5 (Fig.2) . It means that the more hydrophobic compounds, such as FLT, will exhibit a 6 greater improvement in contaminant mass removal with HPBCD (compared with water) 7 than that exhibited for the more hydrophilic one (McCray et al., 2000 ; Balogh et al. , 8 2007) . This is also observed in Table 4 where the factors of extraction enhancement are 9 much greater for FLT than for FLU. Morillo et al. (2012) previously observed that the 10 solubility of the least soluble compounds, when using CDs, was improved to a greater 11 extent than that of the more soluble compounds (Sánchez-Trujillo et al., 2013). 12
The differences among the three soils studied related to FLT extraction demonstrates the 13 influence not only of their OM content but also of their quality and/or other soil 14
properties. In the case of soil 3, although it presented a greater tendency than soils 1 and 15 2 to adsorb FLT due to its higher OM content (Figure 1 ), the percentage of FLT 16 extracted was similar to or even higher than those found for soils 1 and 2 (Fig. 3) . This 17 was opposed to the inverse proportionality, reported in the majority of studies, between 18 the OC content of a soil and the extractability of the sorbed contaminants. This 19 phenomenon could be due to a higher microporosity of soils with low OC content 20 (Ncibi et al. 2007; Luo et al. 2012) , and/or to differences in the quality of their OM. 21 The different microporosity of the three soils studied is not likely the cause of such 22 behaviour because, as observed in Table SD2 , microporosity follows the sequence: soil 23 3 > soil 2 > soil 1. In relation to the quality of the OM, FTIR studies have been carried 24 out on these soils previously treated with hydrofluoric acid (HF) to remove mineral 25 matter and concentrate the amount of SOM. Figure 4 shows the IR spectra after 26 resolution enhancement techniques described in section 2.5 (restricted ranges of 27 wavelength between 1500-1800 cm -1 and 1200-1500 cm -1 have been included as Figure  28 SD1 for more details of the bands). 29
The degree of oxidation of humic substances in soils is reflected by the intensity of the 30 band at about 1720 cm -1 (C=O groups band) (Aranda et al., 2011). Soil 1 presented only 31 a shoulder at 1727 cm -1 as a result of overlapping of different individual bands, 32 indicating weak oxidation of the OM and suggesting that it has probably suffered a high 33 diagenetic transformation. This is followed by soil 2, which presents a small band at1724 cm -1 , and lastly by soil 3, with a sharp feature located at 1722 cm -1 , which 1 indicates a progressive oxidation of soil C forms, and suggests oxidative breakdown of 2 humic substances as a major factor controlling SOM concentration in soil 3. smoothed lignin bands can be observed, whereas they are clearly marked in soil 3, and 24 less marked in soil 2, indicating that soil 3 is the least humified of the three soils, which 25 could be the reason of the extraction behaviour observed. That is, in spite of the fact 26 that soil 3 has a higher number of hydrophobic sites due to its higher OM content, these 27 sites most likely have a lower hydrophobic character than those of soils 1 and 2 28 (Kukkonen et al. 2003) . Older and more diagenetically processed OM is known to bind 29 certain organic contaminants strongly, thereby decreasing their extraction rate (Huang 30 and Weber, 1997) . 31 32 33
Conclusions
There are great differences between FLU and FLT in relation to their extraction from 1 aged contaminated soils. FLU becomes more resistant to extraction as the contact time 2 with soil increases. Due to the more hydrophilic character of FLU, it seems to have a 3 greater tendency to be adsorbed first of all on the mineral and amorphous soil OM 4 domains (Wang et al., 2008) , sites of low binding energy from which it diffuses slowly 5 to the condensed soil OM inside the soil structure as the time since spiking increases, 6 due to its small size. It is concluded that FLU will not be easily desorbed from aged 7 contaminated soils, and, therefore, it will not present problems due to leaching or 8 runoff. The similarity in the results obtained using HPBCD or water as extractants for 9
FLU is related to this fact and also to its higher aqueous solubility, and there could be 10 few advantages in the use of HPBCD as extractant of FLU from aged contaminated 11
soils. 12
On the contrary, when FLT was extracted from soils with HPBCD solutions the amount 13 extracted after all ageing times was much higher than in its absence, revealing the indicating that FLT sorption in soils occurs rather more quickly than that of FLU, due to 20 its higher hydrophobic character, and the energy of the interaction do not vary 21 throughout the contact time. 22 The influence of the OM quality of the soils was also highlighted during extraction 23 experiments. The percentage of FLT extracted from the aged contaminated soil with the 24 highest OM content was similar or higher than from the others (opposed to the inverse 25 proportionality between OM content of soil and extractability of sorbed contaminants), 26 and FTIR measurements revealed that its OM was the least humified of the three soils, 27 while the soil with the lowest OM content presented the most diagenetically processed 28
OM. This demonstrates the need for not only using the conventional adsorption-29 desorption isotherms incorporated into contaminant fate and transport models but also 30 studies of resistant extractions in aged contaminated soils and other complementary 31 analytical approaches for risk assessment of soil organic contaminants. 32 Table 3 . FLT and FLU adsorbed on the three soils under study for the lowest and the highest concentrations used (expressed as µmol kg -1 , and as % of the concentrations applied) and desorbed after three desorption cycles (µmol kg -1 and % of the concentration previously adsorbed). Figure SD 1. Infrared spectra of the OM of the soils under study after removing mineral matter and applying resolution enhancement techniques. Ranges 1200-1500 cm -1 and 1500-1800 cm -1 .
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